In the present study, we investigated the roles of interactions among poly(A) tail, 28 coronavirus nucleocapsid (N) protein and poly(A)-binding protein (PABP) in the 29 regulation of coronavirus gene expression. Through dissociation constant (K d ) 30
INTRODUCTION
genome functions as a regulator to control the use of the genome for translation or 117 replication (27, 28) . Binding of poly(C)-binding protein (PCBP) to this RNA structure 118 facilitates viral translation (IRES-dependent translation), whereas interaction of the 119 viral protein 3CD with this RNA structure represses translation and enhances 120 replication. However, for coronaviruses, which employ a different translation 121 mechanism (cap-dependent translation) from that of poliovirus, the strategy for 122 coordinating the use of the positive-sense genome for translation or replication has yet 123 to be determined. 124
In this study, we show that the bovine coronavirus (BCoV) N protein can bind to 125 a poly(A) tail with high affinity. We also demonstrate that poly(A) tail binding by the 126 N protein negatively regulates translation of coronaviral RNA and host mRNA. 127
Finally, we demonstrate interactions among the poly(A) tail, PABP and N followed by 128 interactions with eIF4G, eIF4E and nsp9. Based on these data, we propose a model 129 explaining how these interactions regulate gene expression during coronavirus 7 PABP has also been reported to possess homodimerization activity (31), the multiple 157 complexes shown in Figs. 1D and 1E resulting from such protein-protein interaction 158 are not unexpected. 159
To further characterize the poly(A)-binding activity of N protein, RNA probes 160 with various sequence were synthesized (Fig. 1F) . The same RNA probes were also 161 examined for their ability to interact with PABP. The K d for N protein and PABP 162 with RNA probes containing the BCoV 3'-terminal 55 nts and poly(A) tails of 163 decreasing lengths (55 nts+65A, 55 nts+45A, 55 nts+25A or 55 nts) increased (Fig. 164 1G, left panel), suggesting that the length of the poly(A) tail is the main factor for 165 increasing the binding efficiency of N protein and PABP to the RNA probes. In 166 addition, the K d for N protein and PABP with 25-nt poly(A) tail was higher than that 167 with the 65-nt poly(A) tail ( Fig. 1G , left panel), further suggesting that N protein is a 168 poly(A)-binding protein. Finally, as shown in Fig. 1G (right panel), K d for N protein 169 and these non-poly(A) sequences containing various types of nts (BCoV-65nts and 170 β-actin-65nts, respectively, Fig. 1F ) was ~4-5-fold higher than that for N and the 171 65-nt poly(A) tail, suggesting that N protein has greater binding affinity for a poly(A) 172 sequence than a non-poly(A) sequence containing various types of nts. Together, the 173 results further suggest that coronavirus N protein, similar to PABP, binds to poly(A) 174 tail with high affinity. 175 176 N protein is able to compete with PABP for binding to the poly(A) tail in vitro 177 and in cells. To address the question of whether N protein is able to compete with 178 PABP for binding to the poly(A) tail in an environment in which they co-exist in vitro, 179 the 32 P-labeled poly(A) tail RNA probe was incubated with mixtures containing 180 various molar ratios of N protein to PABP, followed by EMSA. The EMSA results of 181 N protein or PABP binding to the poly(A) tail and the relative binding percentage are 182 on September 13, 2018 by guest http://jvi.asm.org/ Downloaded from illustrated in the upper and lower panels of Fig. 2A , respectively. As shown in Fig. 2A,  183 upper panel, at molar ratios of N/PABP from 65.6 to 5.7 in lanes 3-7 (with the 184 increase of PABP), a minor (complex 1, indicated by white dot in lane 3) and a major 185 (indicated by white asterisk in lane 3) RNA-protein complex were observed. Since the 186 major complexes in lanes 3-7 corresponded to N-RNA complex in lane 2, the 187 preferential binding of 65-nts poly(A) tail to N protein was determined at molar ratios 188 between 5.7-65.6. With further increase of PABP (i.e., decreased molar ratio of 189 N/PABP from 4.0 to 1.9 in lanes 8-10), the minor complex (complex 1, indicated by 190 white dot in lane 3) in lanes 3-7 became major complex in lanes 8-10, suggesting that 191 the major complex (complex 1) consists of PABP and 65-nts poly(A) tail. 192 Furthermore, with the increase of PABP in lanes 11-13, the complex 1 almost 193 disappeared; however, complex 2 appeared, which corresponded to complex in lane 14. Together, since the major complex in lanes 8-13 consists of 195 PABP and 65-nts poly(A) tail, the preferential binding of 65-nts poly(A) tail to PABP 196 was determined at molar ratios between 0.6-4.0 (lanes 8-13). Note that a small amount 197 of N protein (~15%, Fig. 2A , lower panel) still bound to the poly(A) tail when the 198 molar ratio of N protein to PABP was from 3.0 to 4.0 (lanes 8 and 9). Based on these 199 results, it was concluded that N protein can compete with PABP for binding to the 200 poly(A) tail in vitro, even though at the same molar ratio (lane 12), PABP exhibits 201 better binding affinity to poly(A) tails than N protein. 202
To determine whether N protein is able to bind to poly(A) tail in infected 203 cells, 32 P-labeled 65-nt poly(A) tail was transfected into BCoV-or mock-infected 204 cells and UV cross-linked. Cell lysates were collected and an antibody against PABP 205 or N protein was employed to immunoprecipitate PABP or N protein followed by that the detection of the N protein and PABP was in fact due to interaction with the 337 poly(A) tail and not with the 19 non-poly(A) residues, a biotinylated RNA containing the 19 non-poly(A) nts was also used. However, neither were observed (data not 339 shown) by immunoblotting, confirming that the 65-nt poly(A) tail, and not 19 340 non-poly(A) nts, can interact with both the N protein and PABP from infected cell 341 lysates. We next addressed whether the N protein is able to directly bind to the PABP 342 by performing a pull-down assay, in which purified His-tagged PABP ( to interact with eIF4G and nsp9, a coronavirus replicase protein that is associated with 366 polymerase nsp12 (20), is essential for replication (21) and is involved in the initiation 367 of (-)-strand RNA synthesis (22). To this end, the 84-nt biotinylated RNA described 368 above (consisting of 19 non-poly(A) nts followed by 65-nt poly(A) tail) were used in 369 the streptavidin pull-down assay. As shown in Fig tail nts (data not shown), suggesting that the 65-nt poly(A) tail is able to interact with 373 eIF4G and coronavirus nsp9 from infected cell lysates. We next performed the 374 pull-down assay with Ni-NTA beads to determine whether the N protein is able to 375 interact with eIF4G in infected cells. In this case, eIF4G was not detected when using 376 infected cell lysates treated with or without RNase (Fig. 7B , lane 1 and lane 7, 377 respectively) but was detected when using mock-infected cell lysates treated with or 378 without RNase (Fig. 7B , lane 2 and lane 8, respectively). To address whether the lack 379 of eIF4G detection was due to the His-tagged N protein being outcompeted by 380 endogenous N in infected cell lysates, a pull-down assay with protein G beads 381 followed by incubation with an antibody against N protein was employed. Indeed, 382 eIF4G was detected in the absence or presence of RNase (Fig. 7C , lane 1 and lane 6, 383 respectively), suggesting that the N protein can interact with eIF4G from infected cell 384 lysates without the assistance of RNA. Our results show that the N protein is able to 385 bind to the poly(A) tail, yet it is possible that at least a portion of the detected 386 coronavirus nsp9 in input N protein (2 μM), was still able to bind to PABP and then eIF4G and eIF4E, 411 leading to detection of eIF4E (Fig. 8A, lane 4, panel 2) . Accordingly, with an 412 increasing amount of input N protein, the biotinylated poly(A) tail was almost all 413 bound and thus was unable to interact with eIF4E ( Fig. 8A, lanes 5-6, panel 2) , 414 supporting the above argument. 415
To further determine whether the poly(A) tail is able to interact with eIF4G, eIF4E and replication factor nsp9 in infected cells, lysates at different time points of 417 coronavirus infection were incubated with a biotinylated RNA consisting of 19 418 non-poly(A) nts followed by the 65-nt poly(A) tail followed by streptavidin pull-down. 419
As shown in Fig. 8B , levels of eIF4G and eIF4E were decreased (lanes 4-6, panels 1 420 and 2, respectively) with increasing N protein (lanes 4-6, panel 4), whereas nsp9 was 421 increased (lanes 4-6, panel 3). These results suggest that in infected cells, the poly(A) 422 tail is able to interact with eIF4G and eIF4E but that the efficiency is decreased with 423 increasing amounts of N protein. Because the N protein can interact with coronaviral 424 replicase proteins (8-14), we speculate that these viral proteins compete with eIF4G 425 for interaction with N in infected cells, which in our assay would lead to reduced 426 detection of eIF4G. This argument is supported by the increased amounts of nsp9 427 detected (Fig. 8B, lanes 4-6, panel 3) , which is also able to interact with the N protein 428 ( Fig. 7) . Furthermore, the amount of eIF4E detected (Fig. 8B, lanes 4-6, In the present study, we provide evidence for interactions among the poly(A) tail, N 441 protein and PABP both in vitro and in infected cells. We also demonstrate that poly(A) tail binding by the N protein inhibits translation of both coronaviral RNA and host 443 mRNA. Further examination revealed that both the poly(A) tail and N protein are able 444 to interact with the translation factor eIF4G and replicase protein nsp9. However, the 445 poly(A)-bound N protein cannot interact efficiently with eIF4E. The mechanism by 446 which the aforementioned interactions regulate gene expression in coronaviruses and 447 host cells and the biological relevance of such interactions are discussed below. 448
It has been demonstrated that the binding of PABP to a poly(A) tail (39) 449 followed by eIF4G and eIF4E binding to form a translation initiation complex is 450 required for efficient protein synthesis. In the current study, we showed that an N 451 protein-bound poly(A) tail can interact with eIF4G but largely cannot interact with 452 eIF4E (Fig. 8) . Therefore, such an inefficient interaction may affect the constitution of 453 a stable translation initiation complex, leading to decreased translation efficiency, as 454 shown in Figs. 4 and 5. It is known that eIF4G can bind to eIF4E; however, the 455 mechanism by which the poly(A)-bound N protein is able to interact with eIF4G but 456 not with eIF4E remains to be experimentally elucidated. It has been suggested that Regarding cellular mRNA, as argued above, binding of N to the poly(A) tail can 472 inhibit translation, possibly preventing the use of mRNA for gene expression. 473
Nevertheless, the outcome of such binding may not be applicable to coronavirus 474 genomic RNA and subgenomic mRNA (sgmRNA) because the N protein can interact 475 with viral replicase proteins (8-14) and nsp9 (the current study; Fig. 7 ). We speculate 476 that, in addition to translation inhibition, N protein binding to the poly(A) tail 477 followed by interaction with replicase protein may be a highly important task for 478 coronavirus RNA species including sgmRNA (44). Thus, further study is required to 479 demonstrate the biological relevance of the interaction. One may argue that the 480 poly(A) tail of cellular mRNA may also be bound by the N protein followed by 481 interaction with these replicase proteins. However, because cis-acting elements 482 located at the 5'-and 3'-termini of the coronavirus have been demonstrated to be 483 required for coronavirus replication (45), lack of these elements in cellular mRNA 484 would explain the above argument. This translated nsp3 then associates with infecting (residual) N protein, which is 489 bound to the 3' end of the incoming viral genome, and tethers the complex to the 490 endoplasmic reticulum (ER). Based on the results of the current study, we propose a 491 modification of this model with more details, as follows. Because coronavirus 492 assembly occurs at the membrane (13), where the N protein concentration is higher 493 than that of PABP (Fig. 3) , we speculate that the incoming viral genomic poly(A) tail 494 on September 13, 2018 by guest http://jvi.asm.org/ Downloaded from may be bound by N protein. Additionally, because N has higher binding affinity for 495 the poly(A) tail than for a non-poly(A) sequence (Fig. 1) , it is possible that for the 496 incoming viral genomic RNA, the N protein disassociates from all genome regions 497 except the poly(A) tail, allowing translation of replicase proteins to occur. At this 498 point, it can be expected that the translation efficiency may be decreased because the 499 poly(A) tail is bound by N ( Fig. 4) . However, once nsp3 is synthesized, it can 500 associate with the N protein and tether the N-poly(A)-bound genome to the replication 501 complex at the ER (9, 10) for the first round of replication to synthesize a nascent 502 genomic RNA and sgmRNA. 503
During infection, the genome of the positive-sense RNA virus functions as a 504 template for both translation and replication; therefore, these two processes must be 505 
Downloaded from
Based on the data presented herein and reported by others, a mechanism by 521 which interactions among the poly(A) tail, PABP and N protein regulate gene 522 expression in coronaviruses is proposed, as illustrated in Fig. 9 . At the early stage of 523 infection, PABP is abundant (Fig. 3) . The poly(A) tail of the coronavirus genomic 524 RNA may predominantly be bound by PABP followed by interaction with other 525 translation factors such as eIF4G and eIF4E (Fig. 8) , leading to translation. With an 526 increase in N protein in the later stage of infection (Fig. 3) shown to accumulate at a modified membrane-associated compartment where 541 coronavirus replication and assembly occur (32, 48). Thus, the findings of the study 542 reporting that membrane levels of PABP are much reduced compared to the cytosolic 543 fraction (49) support our results that a high molar ratio of N to PABP was detected in 544 the membrane fraction (Fig. 3) , leading to binding of the poly(A) by the N protein and 545 possibly thereby directing the viral RNA toward replication. In addition, we argue that 546 on September 13, 2018 by guest http://jvi.asm.org/ Downloaded from the aforementioned interactions and their effects on the regulation of gene expression 547 are stochastic, rather than an all-or-none process in the infected cells. 548
In conclusion, we demonstrate interactions among the poly(A) tail, N protein and 549 PABP, as well as those among the N protein and eIF4G and nsp9. Of the interactions 550 shown in this study, binding of the poly(A) tail to PABP followed by eIF4G and 551 eIF4E leads to translation. However, binding of poly(A) tail to N protein decreases the 552 interaction efficiency between the poly(A) tail and eIF4E, leading to translation 553 inhibition. In addition, whether binding of the poly(A) tail by the N protein followed 554 by interaction with nsp9 may further direct viral RNA toward (-)-strand RNA 555 synthesis remains to be determined. 556 His-tag, the tag along with Trx-and S-Tag was removed using PreScission 604 protease (GE Healthcare). To purify His-tagged PABP, pET28aPABP, which 605 contains PABP gene (GenBank accession no. NM_002568), was transformed into 606 E. coli BL21 (DE3) pLysS cells and the following procedures were similar to 607 those for expression of N protein as described above. 608 609
557

MATERIALS AND METHODS
Electrophoretic mobility shift assay (EMSA) and dissociation constant (K d ). 610
An in vitro transcription reaction for synthesizing 32 P-labeled RNA for EMSA 611 was carried out using T7 RNA polymerase and [α-32 P]ATP as specified by the 612 manufacturer (Promega). To purify 32 P-labeled RNA, the synthesized 32 P-labeled 613 RNA was separated on 6% sequencing gels, and passive elution was performed 614 followed by phenol/chloroform extraction. The 32 P-labeled RNA and N protein 615 were added to the binding reaction containing 20 mM HEPES (pH 7.5), 6 mM 616 DTT, 82.5 µg/ ml BSA, and 36% glycerol and incubated for 15 min at 37°C with 618 1 U/ml RNasin (Promega) (final concentration for 32 P-labeled RNA and N protein 619 is 1 nM and 5 nM, respectively). Reactions with unlabeled competitor at 1-, 10-620 and 100-fold excess and non-specific yeast tRNA (0.1 mg/mL) were also 621 
